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METHOD OF SELECTIVELY REMOVING
CONDUCTIVE MATERIAL

FIELD OF THE INVENTION

The invention relates generally to semiconductor process-
ing for forming contacts and other features, and more particu-
larly to methods and systems for selectively removing con-
ductive metal(s) from a substrate.

BACKGROUND OF THE INVENTION

In the fabrication of semiconductor devices, contact holes
and other features that are formed on a substrate are filled with
a conductive material to provide contacts and other circuitry.
One method for forming vertical and horizontal interconnects
1s by a damascene or dual damascene method. FIG. 1 1llus-
trates a portion of a substrate 10 (e.g., waler or microelec-
tronic substrate) having conductive elements formed accord-
ing to a prior art damascene method. The substrate 10
includes an insulating layer 12 (e.g., an interdielectric layer or
ILD) deposited onto the substrate 10 and pattern etched to
form interconnect openings 14. A barrier material layer 16,
for example, tantalum (Ta), 1s deposited within the openings
14 to prevent diffusion of a conductive material such as cop-
per into the insulating layer 12. Depending upon the material
selected for the conductive layer, a separate seed layer 18,
such as a copper seed layer, can then be deposited onto the
barrier layer 16 prior to the formation of the metal layer, for
example, by physical vapor deposition (PVD). The openings
14 can then be filled with a conductive metal 20 such as
copper (Cu), resulting 1n excess material being deposited over
the surface 22 of the substrate 10 outside or external to the
openings 14.

In a typical process, excess deposited material 16, 20 exter-
nal to the openings 14 i1s removed through planarizing or
polishing the surface 22 of the substrate 10, for example, by a
chemical-mechanical planarization (CMP) process, to 1solate
the conductive metal within the openings and produce a sub-
strate 10 having an embedded conductive interconnect or
other structure, as depicted in FIG. 1A. During CMP pro-
cesses, a carrier holds and rotates the substrate 1n contact with
a CMP pad and a polishing solution to mechanically remove
maternial from the surface of the substrate. In an exemplary
CMP process, excess copper material 20 1s polished to the
barrier layer 16 using a first slurry composition having a low
abrasive content. The excess barrier layer 16 1s then polished
to the underlying insulating layer 12 using a second slurry
composition.

Current low-k and future ultra low-k dielectrics are brittle
and sensitive to the mechanical stresses needed to physically
remove refractory metals, such as tantalum (Ta). Metal
removal solutions that use ultra-low down forces are a current
industry focus. Most barrier matenals are difficult to remove
by CMP because the barrier materials resist removal by abra-
s1ion and dissolution. Typical barrier removal slurries require
a high abrasive concentration, which tend to result in dishing
and scratching of the copper interconnect 20 within the open-
ings 14 and detrimental erosion to the exposed insulating
layer 12, including peeling and delaminating of low k dielec-
tric layers from the water.

Another known approach for addressing those problems 1s
to remove conductive materials using an electrochemical-
mechanical polishing (ECMP) process or an electrolytic pro-
cess. An exemplary ECMP process to remove the excess
conductive material layer 20 and barrier layer 16 from sub-
strate 10 1s 1llustrated 1n FI1G. 2. The substrate 10 (mounted on
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a substrate holder) 1s brought 1nto contact with an electrolytic
liquid 24 dispenses onto a processing pad 26 (situated on a

platen). A current supply 28 1s flowed through electrodes 29 to
the electrolytic liquid 24 and the processing pad 26 1s brought
into contact with the substrate, resulting 1n the removal of the
conductive material layer 20 and barrier layer 16 to provide a
clean surface 22, as 1n FIG. 1A. An advantage of electrolytic
and ECMP processes 1s that the downiorce applied to a sub-
strate by a processing pad during a CMP processing can be
reduced or eliminated.

However, current ECMP and electrolytic processes for
material removal have several drawbacks, including difficul-
ties associated with hardware and design requirements (volt-
age supply, electrodes, etc.). Another drawback of electro-
lytic processing occurs at the end of the process as the metal
(e.g., Ta) 1s almost completely cleared from a substrate layer
(e.g., dielectric layer) and the electrolytic process 1s disrupted
by the termination of electrical contact (i.e., open circuit),
resulting in residual 1slands of conductive metal remaining on
the substrate.

Therefore, 1t would be desirable to provide a process that
overcomes such problems.

SUMMARY OF THE INVENTION

The present compositions and methods facilitate removal
of conductive metal(s) selectively relative to dielectric mate-
rial 1n an electrolyte process without surface contact by a
processing pad or the application of an external electric
potential. The selective removal of the conductive metal 1s
facilitated by contact of an electrolyte solution comprising
nanoparticles more noble than the conductive metal, which
are dispersed 1n a chemically compatible solvent.

The electrolyte solutions and processes are particularly
usetul 1n the removal of a first conductive metal (e.g., barrier
metal layer) selectively relative to a second, different conduc-
tive metal (e.g., conductive metal interconnects) and dielec-
tric material layers. The compositions and methods of the
invention facilitate the formation of a galvanic couple and
chemical reaction between the first conductive metal (e.g.,
barrier metal layer such as tantalum ('Ta)) and nanoparticles
within the electrolyte solution to preferentially and selec-
tively dissolve or otherwise remove the first conductive metal
in the presence of the second conductive metal (e.g., a metal
interconnect material such as copper (Cu)).

In one aspect, the mvention provides an electrolyte com-
position comprising nanoparticles for selective removal of
conductive metal(s) less noble than the nanoparticles 1n the
clectrolyte solution selectively relative to dielectric material
without the need for surface contact by a processing pad or the
application of an external electric potential. In one embodi-
ment, the composition comprises nanoparticles for selective
removal of a first conductive metal relative to a second con-
ductive metal from a substrate. The nanoparticles are com-
posed of a substance that 1s more noble than the conductive
metal to be removed and has a preferred particle size diameter
of about 0.001-5 um. Useful nanoparticles include colloidal
carbon, silver, platinum, gold, for example. In one embodi-
ment, the electrolyte solution 1s composed of nanoparticles
dispersed 1n an organic alcohol such as methanol, ethanol,
and the like, with hydrofluoric acid. In another embodiment,
the electrolyte solution 1s formulated with nanoparticles dis-
persed 1n an organic alcohol (e.g., methanol, ethanol, etc.)
with a salt, for example, a salt of chlonide, fluoride, succinate,
and citrate, with ammonium and potassium salts being pre-
terred, or an 1onic liquid. In yet another embodiment, the
clectrolyte solution 1s composed of nanoparticles dispersed in
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a chemically compatible 1onic liquid. The electrolyte solution
1s composed of a low dielectric solvent such as an alcohol, to
make the solution selective to dielectric materials.

In another aspect, the mvention provides methods for the
selective removal of conductive metal(s) from a substrate
selectively relative to dielectric material by the application of
the electrolyte solutions of the invention, without the need for
surface contact by a processing pad or the application of an
external electric potential. In one embodiment, the method
can be applied for the removal of conductive metal(s) less
noble than the nanoparticles in the electrolyte solution selec-
tively relative to dielectric maternial. In another embodiment,
the method can be applied to remove a first conductive metal
in the presence of a second conductive metal selectively rela-
tive to dielectric material and to the second conductive metal.
The method 1s particularly useful 1n selectively removing a
barrier metal such as tantalum, tantalum nitride, titanium, and
the like, 1n the presence of a conductive metal such as a copper
interconnect, which has properties different than the barrier
metal. The method involves contacting a substrate with an
clectrolyte solution of the invention for a time effective to
remove conductive metal(s) selectively relative to dielectric
material and/or remove a first conductive metal selectively
relative to a second conductive metal and dielectric material,
the two metals having different properties, without applica-
tion of an external potential.

Preferably, the method provides for continuous movement
of the electrolyte solution over the conductive metal to be
removed. Such movement can be provided, for example, by
moving the substrate within the solution, by moving a pro-
cessing pad situated proximal to the substrate with the elec-
trolyte solution therebetween, by moving a carrier supporting
the substrate relative to the processing pad, by flowing the
clectrolyte solution through openings 1n a processing pad
situated proximal to the substrate, and/or by actuating a high
intensity wave-generator to vibrate the substrate, processing
pad, and/or the electrolyte solution, among other mecha-
nisms.

It 1s also desirable to provide pressure (1.e., a downforce or
uplorce) onto the electrolyte solution to enhance physical
contact of the nanoparticles within the solution with the con-
ductive metal to be removed. Such pressure can be provided,
for example, by means of high-pressure spray, by pressing
(forcing) the substrate carrier onto the electrolyte solution
situated between the carrier and a processing pad, and the
like.

In one embodiment of a method according to the mnvention,
a substrate 1s positioned proximal to but not in contact with a
processing pad, and an electrolyte solution of the ivention 1s
applied over the conductive metal(s) to be removed, between
the substrate and the processing pad, without application of
an external potential while creating relative movement
between the substrate and the processing pad to cause the
clectrolyte solution to flow to selectively remove the conduc-
tive metal(s) from the substrate.

In another embodiment, the method involves spraying an
clectrolyte solution of the mvention onto the surface of a
substrate to selectively remove the conductive metal(s) from
the surface of the substrate.

In a further embodiment of a method of the invention, the
substrate 1s 1mmersed nto an electrolyte solution of the
invention for a time efiective to selectively remove the con-
ductive metal(s) from the substrate without application of an
external potential, preferably while continually moving the
solution over the surface of the substrate.

In a further aspect of the mnvention, a system 1s provided for
the removal of conductive metal(s) selectively relative to
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dielectric material and/or the removal of a first conductive
metal selectively relative to dielectric material and a second
conductive metal that 1s different from the first, without the
application of an external potential. In one embodiment, the
system 1ncludes a support or carrier for a substrate (e.g.,
waler, microelectronic substrate, etc.), a source of the elec-
trolyte solution of the invention, which i1s connected to a
dispenser for delivering the electrolyte solution onto the sur-
face of the substrate or onto a liquid supporting element
positionable proximate to the carrier and structured for car-
rying the solution (e.g., nozzles as a component of the sub-
strate carrier, a jet-spray assembly, etc.). In preferred embodi-
ments, the system includes or incorporates an element for
applying pressure (downforce or upforce) onto the electrolyte
solution to enhance contact of the solution with the surface of
substrate (e.g., a processing pad with the electrolyte solution
between the pad and the substrate, force from a jet-spray
assembly, etc.). It 1s also preferred that the system includes or
incorporates an element for causing movement of the elec-
trolyte solution over the surface of the substrate, for example,
the apparatus being operable to rotate or otherwise move the
carrier bearing the substrate within the electrolyte solution,
and/or move a processing pad and/or the carrier relative each
other to cause movement of the electrolyte solution, among
other elements.

In another embodiment, the system includes a planarizing
or polishing apparatus (e.g., CMP tool) having a carrier or
support for a waler or other substrate, a support for a process-
ing pad proximal to the surface of the substrate on the carrier,
actuating assemblies to move the carrier and/or processing
pad support (e.g., axially, vertically, rotationally, etc.), a
source of electrolyte solution according to the invention, and
a device for dispensing the electrolyte solution for contact
with the surface of the substrate.

In yet another embodiment, the system includes a carrier or
support for a substrate, a source of electrolyte solution
according to the mvention, and a device for dispensing the
clectrolyte solution directly onto the surface of the substrate
supported by the carrier, for example, a showerhead, jet spray
apparatus, and the like.

In a further embodiment, the system includes a carrier for
a substrate, a source of electrolyte solution according to the
invention contained within a vessel (e.g., bath), and an inlet
and outlet for flowing the electrolyte solution into the vessel.

The 1nvention advantageously eliminates the need for an
clectrode assembly to apply an external potential for selective
removal of a conductive metal relative to dielectric material
and/or selective removal of a conductive metal such as a
barrier metal relative to dielectric material and to a different
conductive metal such as a copper interconnect. The mven-
tion also eliminates the need for both contact and a high
downiforce by a processing pad onto the surface of a substrate
(e.g., e.g., waler, microelectronic substrate, etc.) that can
damage structures and features of the substrate (e.g., scratch
copper interconnects, etc.). The present methods can be uti-
lized as an alternative to conductive metal CMP (e.g.,
WCMP), which also requires lower down forces.

According to the invention, a conductive metal less noble
than the nanoparticles in the electrolyte solution can be
removed selectively relative to dielectric material without
cither of those processing elements, utilizing a low stress,
non-contact process (1.€., zero-touch with a processing pad or
other like component). In addition, the invention eliminates
the need for an abrasive component that can scratch or erode
interconnect and dielectric material layers. With the present
method, removal of a conductive metal can be performed
without a CMP tool, thus eliminating the expense of a pro-
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cessing pad, and achieving a lower production cost using a
simple tool design. In addition, the present method using
galvanic reactions to drive the oxidation step 1s not limited by
hardware requirements and overcomes problems that occur
by the disruption of electrical contact (1.e., open circuits) in of
current ECMP and electrolytic processes.

By engineering the size of the nanoparticles, the composi-
tions can be applied to selectively remove a metal material
that 1s less noble relative to the nanoparticles (e.g., bulk
tungsten) from the surface of a substrate without getting 1nto
small contact holes containing the metal as a plug (e.g., a
tungsten contact plug). This also limits what 1s known as
“kevyhole blowout” 1n which gaps or seams that are formed
during CVD film deposition subsequently become exposed to
wet chemistry that gets into the gap/seam. This 1s avoided
with the present solutions, using nanoparticles sized larger
than the seam/gap.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention are described
below with reference to the following accompanying draw-
ings, which are for i1llustrative purposes only. Throughout the
tollowing views, the reference numerals will be used 1n the
drawings, and the same reference numerals will be used
throughout the several views and in the description to indicate
same or like parts.

FIGS. 1-1A are diagrammatic, elevational, cross-sectional
views ol a portion of a substrate having multiple conductive
metal layers fabricated by a prior art damascene process at
sequential processing steps.

FIG. 2 1s a diagrammatic, elevational view of a prior art
ECMP apparatus with the substrate of FIG. 1 prior to pro-
cessing.

FIGS.3A-3D are views of the FIG. 1 substrate at sequential
processing steps according to an embodiment of the method
and system of the mvention. FIGS. 3A and 3C 1illustrate
diagrammatic, elevational, cross-sectional views of an
embodiment of a system according to the invention, mncorpo-
rating a processing pad.

FI1G. 4 1s a diagrammatic, elevational, cross-sectional view
ol another embodiment of a system according to the mven-
tion, icorporating a flow-through processing pad.

FIGS. 5A-5B are diagrammatic, elevational, cross-sec-
tional views of another embodiment of a system according to
the mvention, incorporating a spray device for delivery of
clectrolyte solution.

FI1G. 6 1s a diagrammatic, elevational, cross-sectional view
of another embodiment of a system according to the mven-
tion, ncorporating a container for the electrolyte solution.

FIGS. 7-8 are diagrammatic, elevational, cross sectional
views of a portion of a substrate at sequential processing steps
according to another embodiment of the method according to
the 1nvention.

DETAILED DESCRIPTION OF THE INVENTION

The following description with reference to the drawings
provides 1illustrative examples of devices, assemblies, sys-
tems, and methods for selectively removing conductive metal
material from semiconductor wafers and other substrates
according to the invention. Such description 1s for 1llustrative
purposes only and not for purposes of limiting the same. The
present invention can be utilized to provide other embodi-
ments of devices, assemblies, and systems 1n accordance with
the 1nvention.
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In the context of the current application, the term “semi-
conductor substrate” or “semiconductive substrate” or “semi-
conductive waler fragment” or “waler fragment™ or “wafer”
will be understood to mean any construction comprising
semiconductor material, including but not limited to bulk
semiconductive materials such as a semiconductor water (ei1-
ther alone or in assemblies comprising other materials
thereon), and semiconductive material layers (either alone or
in assemblies comprising other materials). The term “sub-
strate” refers to any supporting structure including, but not
limited to, the semiconductive substrates, waler fragments or
walers described above. The terms “microelectronic sub-
stance” and “workpiece” are understood to include a variety
of substrates 1n or on which micro-electronic devices, micro-
mechanical devices, data storage elements, and other features
are fabricated. For example, micro-electronic substances can
be semiconductor waters, glass substrates, dielectric or 1nsu-
lated substrates, and metal-containing substrates, among oth-
ers. The terms “planarization” and “planarizing™ refer to the
removal of material from a surface by chemical-mechanical
or mechanical planarization or polishing. The terms “chemi-
cal-mechanical polishing” and “CMP” refer to a dual mecha-
nism having both chemical and mechanical components to
remove material, as in water polishing.

The term “external potential” refers to a voltage potential
supplied by an external power supply through an electrode or
clectrolyte solution.

As used herein, the % by weight amounts (% wt) 1s based
upon the total weight of the electrolyte solution.

Steps 1 an embodiment of a method for selectively remov-
ing one conductive metal relative to another conductive metal
according to an embodiment of the invention are 1llustrated 1n
FIGS. 3A-3D.

The described embodiment 1s with reference to substrate
10 of FIG. 1, which 1s a waler 1n the present example, having
an 1msulating layer 12 such as an oxide or dielectric constant
material, including a low K dielectric material, with openings
14 formed 1nto the layer 12. A barrier metal layer 16 overlies
the msulating layer 12 within the openings 14 and over the
surface 22 of the mmsulating layer 12. Exemplary barrier metal
layer materials that can be removed according to the process
of the invention include tantalum (Ta), tantalum nitride
(TaN), tantalum silicon nitride (TaSiN), titanium (11), tita-
nium nitride (T1N), titanium silicon nitride (T1S1N), tungsten
(W), tungsten nitride (WN ), tungsten silicon nitride (WS1N),
ruthentum (Ru), and ruthenium oxide (RuO,, Ru,0;), bilay-
ers of those materials such as overlying layers of Ta/TaN or
T1/TiN, and graded layers 1n which the mitrogen content in the
metallic nitride 1s graded from a first concentration adjacent
the mterlevel dielectric to about zero adjacent the metallic
clement (e.g., TaN to Ta), being tantalum 1n the present
example.

A conductive metal layer 20 has been deposited over the
barrier layer 16 to fill the openings 14, with excess material
deposited over the surface of the substrate. The conductive
metal layer 20 can be deposited using a variety of processes,
such as chemical vapor deposition (CVD), physical vapor
deposition (PVD), plasma enhanced chemical vapor deposi-
tion (PECVD), electroplating or electroless processes, eftc.
Exemplary conductive metal materials include copper (Cu),
platinum (Pt), molybdenum (Mo), cobalt (Co), magnesium
(Mg), nickel (N1), silver (Ag), palladium (Pd), and aluminum
(Al), and alloys thereof. In the present example, the conduc-
tive metal layer 20 1s copper (e.g., copper, copper alloy con-
taining at least about 80 wt-% copper, etc.), with a copper
seed layer 18 (FIG. 1) having been formed over the barrier
layer 16 prior to the formation of the copper layer 20.
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As depicted 1n FIG. 3A, an embodiment of a system 30 1s
composed of a planarizing apparatus 32 that includes a cir-
cular table or platen 34 for a processing pad 36, and a carrier
38 supporting water 10, which can be a standard set-up for
planarizing or polishing a workpiece. As illustrated, the
platen 34 1s connected to a drive-assembly 42 that provides
rotational (arrow “C”’) and/or axial (arrow “D”’) motion to the
platen 34. In the i1llustrated example, the carrier 38 includes
nozzles 44 for delivery of processing liquids 46, e.g., a pla-
narizing slurry, onto the surface of the processing pad 36,
although other delivery mechanisms can be used. The carrier
38 1s coupled to an actuator assembly 48 to provide rotational
(arrow “A”") and/or vertical (arrow “B”’) motion to the carrier
38. In operation, the water 10 and/or the processing pad 36 are
moved relative to one another allowing abrasive particles in
the pad or slurry and reactive chemicals to mechanically and
chemically remove the conductive metal layer 20 from the
water 10.

Utilizing the apparatus of F1G. 3 A, 1n a first step, excess or
the bulk conductive metal layer 20 can be polished down to
the barrier layer 16 using a conventional method and process-
ing solution 46 (e.g., slurry) dispensed from the nozzles 44,
and contact by the processing pad 36 with the surface of the
waler 10, leaving the openings filled with 1nlaid metal 20
(e.g., interconnect) as shown i FIG. 3B. In the case of copper
removal, a standard slurry having a low abrasive content 1s
typically used.

Referring now to FIG. 3C, the invention provides for the
selective removal of the excess barrier metal layer 16 (e.g.,
tantalum, etc.) external to the openings 14 using an electrolyte
process without applying an external potential or surface-to-
surface contact between the processing pad 36 and the water
10, resulting 1n the structure shown in FIG. 3C. The process
can be conducted at ambient temperature up to a maximum
temperature that 1s compatible with the electrolyte solution.

The mvention utilizes an electrolyte solution 50 compris-
ing a nanoparticles component dispersed i a chemically
compatible solvent. Etching of the barrier metal layer 16 1s
achieved by application of the electrolyte solution without an
external potential to drive the reaction.

Not wishing to limit the invention to a particular theory, it
1s believed that the mechanism of removal of the barrier metal
layer 16 by the present method 1s through the creation of a
galvanic cell between the nanoparticles, electrolyte, and bar-
rier metal (e.g., tantalum, Ta) which includes the water oxi-
dation of the barrier metal to an oxide (e.g., Ta to tantalum
oxide, Ta, O, (e.g., Ta,0s)) as a result ot the direct contact of
the nanoparticles with the barrier metal layer, and the subse-
quent stripping (e.g., etching) of the Ta oxide layer by the HF
component to expose Iresh barrier metal (e.g., Ta), wherein
the cycle 1s repeated to remove the barrier metal layer 16.

The nanoparticle component of the electrolyte solution 50
1S a substance that 1s more noble, 1.e., less active and more
chemically 1nert, and has a stronger reducing potential than
the material that 1s to be removed. Suitable nanoparticles are
those substances that have a particle size diameter of about
0.001-5 um, and preferably about 0.5-1 um, are dispersible
and form a suspension in the electrolyte solvent to form a
slurry-like consistency, and will minimally agglomerate on
the target surface to provide wide-spread surface area cover-
age over the material layer to be removed, e.g., the barrier
layer 16. Exemplary nanoparticles include, but are not limited
to, colloidal carbon (e.g., colloidal graphite), glassy carbon,
silver, platinum, gold, and nickel-chromium, alloys of those
metals, conductive oxides, and engineered colloids or cata-
lysts.
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The nanoparticles are suspended 1n a suitable and compat-
ible electrolyte to form a slurry-like consistency. Suitable
solvents include solvents having a dielectric constant less
than 40. The concentration of the particles in the electrolyte
solution 50 can generally range from about 0.01-10 wt-%,
and preferably about 0.01-1 wt-%.

In one embodiment, the electrolyte solution 1s composed of
a mixture of hydrofluoric acid (HF) with an alcohol 1 an
about 5:1 to about 30:1 ratio, preferably an about 10:1 ratio
(HF:alcohol). Exemplary alcohols include methanol, ethanol,
cthylene glycol, propanol (e.g., 2-propanol or 1sopropanol
(IPA)), butanol (e.g., 1-butanol, 2-butanol, and tert-butanol
(1.e., 2-methylpropan-2-ol)), and mixtures thereof. In the
application of an HF/alcohol-based electrolyte solution, the
HF etches away and dissolves the barrier metal oxide layer
(e.g.. 1a,0,), thus exposing iresh barrier metal (e.g., Ta).

In another embodiment, the electrolyte solution 1s com-
posed of a mixture of HF with a glacial carboxylic acid 1n an
about 10:1 to about 100:1 ratio, preferably an about 50:1 ratio
(acid:HF). Exemplary glacial carboxylic acids include acetic
acid, butanoic acid, and proprionic acid.

In another embodiment, the electrolyte solution 1s com-
posed ol a mixture of an alcohol with one or more soluble
salts that will dissolve 1n the alcohol solvent to provide cat-
ions and anions (e.g., NH, ™, CI7, 1onic liquids) for a conduc-
tion path for electrochemical reactions and dissolution of the
barrier layer (e.g., Ta). Exemplary 1on sources for the elec-
trolyte solution include salts of chloride, fluoride, succinate,
and citrate, including ammonium and potassium salts (e.g.,
ammonium chlornide (NH,Cl), potassium chloride (KCl),
ammonium fluoride (NH,F), etc.), and mixtures thereof.
Exemplary alcohols include, for example, methanol, ethanol,
cthylene glycol, propanol (e.g., 2-propanol or 1sopropanol
(IPA)), butanol (e.g., 1-butanol, 2-butanol, or tert-butanol
(1.e., 2-methylpropan-2-ol)), and mixtures thereof. A salt/
alcohol-based electrolyte preferably comprises the salt at
saturation, which 1s typically at least about 1 wt-% (about 1%
per 100 ml solvent), and preferably about 1-10 wt-% (about
1-10% per 100 ml solvent)

The electrolyte solution 50 1s formulated to provide a bar-
rier metal (e.g., Ta) to conductive metal interconnect (e.g.,
Cu) selectivity of at least about 1:1, and preferably about 10:1
to about 100:1. The removal rate of the barrier metal layer can
be modified by adjusting the HF and colloidal particle con-
centrations.

As depicted 1in FIG. 3C, the electrolyte solution 50 con-
taining the nanoparticles can be dispensed, for example,
through the nozzles 44 1n the water carrier 38 (or other dis-
pensing device) to form a layer of the solution 50 between the
waler 10 and the surface of the processing pad 36. The water
carrier 38 can be moved downwardly (arrow “B”) to place the
barrier layer 16 on the water 10 in contact with the electrolyte
solution 50.

Contact between the processing pad 36 and the surface of
the wafer 10 1s not required for removal of the barrier metal
layer 16. However, moderate pressure of the electrolyte solu-
tion 50 against the surface of the wafer 10 ensures good
contact and enhances the attachment of the nanoparticles onto
surface of the surface of the barrier metal layer 16. For
example, a downward pressure or downforce of the wafer
carrier onto the processing pad 36 (arrow B) of up to about 5
ps1, or about 0.5-5 ps1 (without contact) can be applied to
increase the contact force of the electrolyte solution 50
against the surface of the barrnier layer. The electrolyte solu-
tion 50 1s chemically compatible with the processing pad, 1.¢.,
will not dissolve or otherwise break down.
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Although not preferred, up to minimal or a nominal contact
between the processing pad 36 and the wafer 10 may be
desirable to facilitate removal of the metal oxide as it 1s
formed. In that instance, a relatively soft processing pad 36,
such as a plastic like polyurethane, felt, spongy or compress-
ible material, or other suitable material, can be used to apply
a low down-force to promote colloidal contact but avoid
mechanical stress that can damage sensitive dielectrics.

It 1s also preferred that a continuous movement or tlow of
the electrolyte solution 50 over the surface of the barrier metal
layer 16 1s provided to refresh the electrolyte solution 50, and
to replenish and circulate the solution 50 through the system.
This provides for mass transport of the oxidizing agent (wa-
ter) over the surface of the barrier layer 16.

Various techniques can be utilized to generate a continuous
flow of the electrolyte solution 50 over the barrier layer 16.
For example, an oscillating force can be applied to agitate the
solution 50, for example, by rotating the carrier 38 holding the
waler 10 (arrow “A”) and/or the processing pad 36 (arrow
“C”) relative to each other, or by vertically moving the wafer
carrier 38 supporting the water 10 (arrow “B”) within the
clectrolyte solution 50. In addition, the water 10 can be
moved 1n a horizontal direction through the electrolyte solu-
tion 50 using an actuator 48 that rotates (arrow “D”") and
“sweeps” the carrier 38 and water 10 across and above the
surface of the processing pad 36. Such movement of the water
10 helps maintain a tlow of fresh electrolyte solution 50 over
the barrier metal layer 16 to enhance the oxidation of the
metal oxide layer.

In addition, the system can incorporate a high-intensity
wave-generator such as an ultrasonic transducer 52 that trans-
mits ultrasonic frequencies (1.e., above 20 kHz), megasonic
frequencies (e.g., about 500 kHz-5 MHz), or other frequency,
to vibrate the processing pad 36, the water 10, and/or the
clectrolyte solution 50, 1n a wet clean environment, for
increasing contact of the nanoparticles with the target mate-
rial. The transducer 52 may be a piezoelectric material, such
as metallized quartz, that can be positioned, for example, 1n
the carrier head 38 (as shown), proximate to the processing,
pad 36, or in an actuator assembly. The application of high
frequency processing 1s advantageous to provide transverse
application of energy to stimulate acoustic streaming delivery
(flow) of the solvent across the substrate (e.g., waler), and to
improve elliciency by increasing nanoparticle/surface con-
tact.

As depicted 1n FIG. 4, continuous tlow can also be pro-
vided by using a system 30' that includes a processing pad 36'
having perforations or channels 34' that allow fluid flow
through the pad 36'. Such pads are commercially available,
for example, from Rodel, Inc. The system 30' can be struc-
tured with a partial enclosure 56' that defines a container 1nto
which the electrolyte solution 50' can be dispensed, for
example, through a port 58' in the shait 60' of the platen 34'
and confined within the enclosure 56'. The flow-through pro-
cessing pad 36' can be supported by a diffuser plate 62', and
the electrolyte solution 50' can be pumped through the chan-
nels 34' extending through the pad 36' to the interface between
the water 10" and the pad 36'.

In another embodiment, the system 30" can be structured as
a single or batch wet processing tool with a spray device 64"
to deliver the electrolyte solution 50" upward (FIG. 5A) or
downward (FIG. 3B) onto the surface of the water 10", for
example, a showerhead or a high flow sprayer (e.g., a jet
sprayer). The system 30" can further include a device 66"
operable to control the temperature of the electrolyte solution
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In another embodiment of a wet strip system, 1llustrated 1n
FIG. 6, the system 30™ can be structured with a partial enclo-
sure 68" that defines a container or vessel for containing the
clectrolyte solution 50™. The vessel 1s sized for receiving a
carrier 38" supporting the water 10", which can be moved
downwardly (arrow E) to bring the surface of the water 10"
into contact with the electrolyte solution 50'"'. Movement can
be provided to enhance the chemical reaction and removal of
the barrier layer, for example, by rotating the carrier 38"
(arrow F), and/or by moving the carrier 38" vertically (arrow
E) or horizontally (arrow ) through the solution 50'. The
clectrolyte solution 50" can be flowed 1nto the vessel 68 via
an 1nlet conduit 70™ (or other dispensing element), through
the system, and out of an outlet conduit 72'™. The system 30"
can include a mechanism 74™ for tlowing the electrolyte
solution 50™ through the containment vessel 68''. The system
30" can further include a temperature control device 66'"
operable to control the temperature of the electrolyte solution
501'"'

The present compositions and methods can be used to
selectively remove a less noble metal on a substrate surface
relative to another metal material layer as described herein-
above.

FIGS. 7-8 illustrate steps 1in another embodiment of a
method for selectively removing a conductive metal material
(e.g., tungsten (W), chromium (Cr), and aluminum (Al), or
metal alloy) that 1s less noble than the nanoparticles (e.g.,
silver (Ag)) selectively relative to a dielectric matenal (e.g.,
low K dielectric), including an interlayer dielectric (ILD)
layer, or a non-conducting fill material. Exemplary dielectric
materials include, for example, doped silicon dioxide (1.e., a
glass, such as borosilicate glass (BSG), phosphosilicate glass
(PSG), or borophosphosilicate glass (BPS(G)), undoped sili-
con dioxide, silicon nitride, silicon oxynitride, tantalum pen-
toxide, a dielectric polymer (e.g., polyimide, spin-on-poly-
mers (SOP), parylene, flare, polyarylethers,
polytetrafluoroethylene, benzocyclobutene (BCB), SILK,
fluorinated silicon oxide (FSG), hydrogen silsesquioxane,
among others).

Retferring to FIG. 7, a substrate 10' having an insulating,
layer 12' (e.g., low k dielectric) has been pattern etched to
provide openings 14' therein. A conductive metal layer 20
(e.g., aluminum) has been deposited onto the insulating layer
12' to fill the openings 14'. The compositions of the invention
as described above, can be utilized remove the conductive
metal layer 20' selectively relative to the insulating layer 12,
resulting, for example, 1n the structure shown 1n FIG. 8.

In this application, the electrolyte solution 1s formulated to
provide a selectivity of the conductive metal to a low K
dielectric layer of at least 2:1, and preferably about 5:1 to
about 20:1.

In compliance with the statute, the invention has been
described 1in language more or less specific as to structural and
methodical features. It 1s to be understood, however, that the
invention 1s not limited to the specific features shown and
described, since the means herein disclosed comprise pre-
terred forms of putting the invention into effect. The invention
1s, therefore, claimed in any of 1ts forms or modifications
within the proper scope of the appended claims appropriately
interpreted in accordance with the doctrine of equivalents.

What 1s claimed 1s:

1. A method for removing a conductive metal selectively
relative to dielectric material on a substrate, comprising: con-
tacting the substrate with an electrolyte solution absent an
abrastve component and without application of an external
potential, for a time effective to remove the conductive metal
from the substrate selectively relative to the dielectric mate-




US 7,935,242 B2

11

rial by galvanic chemical reaction between the conductive
metal and nanoparticles, the electrolyte solution comprising
the nanoparticles 1n a chemically-compatible alcohol solvent
and at least one of hydrofluoric acid (HF) 1n an HF to alcohol
ratio of about 5:1 to about 50:1, a salt or an 10nmic liquid, the
nanoparticles comprising a material more noble than said
conductive metal.

2. The method of claim 1, wherein the conductive material
1s a metal and selectively removed at a metal:dielectric selec-
tivity of about 2:1 or greater without application of an exter-
nal potential.

3. The method of claim 1, wherein said material of the
nanoparticles 1s selected from the group consisting of colloi-
dal carbon, glassy carbon, silver, platinum, gold, nickel-chro-
mium, conductive oxides, and engineered colloids or cata-
lysts.

4. The method of claim 1, wherein said conductive metal 1s
selected from the group consisting of tungsten, chromium and
aluminum.

5. The method of claim 1, wherein the electrolyte solution
comprises an 1onic liquid.

6. The method of claim 1, wherein the conductive metal 1s
a barrier metal.

7. The method of claim 6, wherein the barrier metal 1s
selected from the group consisting of tantalum, tantalum
nitride, tantalum silicon nitride, titanium, titanium nitride,
titanium silicon nitride, tungsten, tungsten nitride, tungsten
silicon nitride, ruthenium, and ruthenium oxide.

8. The method of claim 1, wherein contacting the substrate
with the electrolyte solution comprises dispensing the elec-
trolyte solution onto the substrate.

9. The method of claim 1, wherein contacting the substrate
with the electrolyte solution comprises forming a layer of the
clectrolyte solution on a processing pad and immersing the
substrate in the electrolyte solution.

10. The method of claim 9, wherein the substrate 1is
immersed in the electrolyte solution but not 1n contact with
the processing pad.

11. The method of claim 9, wherein the processing pad 1s
solt or compressible.

12. The method of claim 9, further comprising applying a
downward force onto the substrate while immersing to cause
a pressure of the electrolyte solution against the substrate.

13. The method of claim 9, wherein the processing pad
comprises channels extending therethrough and the electro-
lyte solution 1s flowed through said channels to contact the
substrate.

14. The method of claim 1, wherein the electrolyte solution
comprises hydrofluoric acid.

15. The method of claim 14, wherein the electrolyte solu-
tion comprises the hydrotluoric acid and alcohol at a ratio of
about 5:1 to about 30:1.

16. The method of claim 1, wherein the electrolyte solution
comprises a salt.

17. The method of claim 16, wherein the salt 1s selected
from the group consisting of salts of chloride, fluoride, suc-
cinate and citrate.

18. The method of claim 17, wherein the salt 1s selected
from the group consisting of ammonium salts and potassium
salts.

19. The method of claim 16, wherein the electrolyte solu-
tion comprises the salt at saturation.

20. The method of claim 16, comprising at least about 1
wt-% of the salt, based on the total weight of the solution.

21. A method for removing a first conductive metal from a
substrate, comprising: contacting the substrate with an elec-
trolyte solution absent an abrasive component and without
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application of an external potential, for a time effective to
remove the first conductive metal from the substrate selec-
tively relative to dielectric material and a second conductive
metal on the substrate by galvanic chemical reaction between
the first conductive metal and nanoparticles, the electrolyte
solution comprising the nanoparticles in a chemically-com-
patible alcohol solvent and at least one of hydrofluoric acid
(HF) 1n an HF to alcohol ratio of about 3:1 to about 50:1, a salt
or an 1onic liquid, the nanoparticles comprising a material
more noble than said first conductive metal.

22. The method of claim 21, wherein the first conductive
metal 1s a barrier metal, and the second conductive metal 1s a
non-barrier metal.

23. The method of claim 21, wherein the second conduc-
tive metal 1s selected from the group consisting of copper,
platinum, molybdenum, cobalt, magnesium, nickel, silver,
and palladium, aluminum, and alloys thereof.

24. The method of claim 21, wherein the first conductive
metal 1s selectively removed relative to the second conductive
metal at a selectivity of about 10:1 to about 100:1, without an
applied potential.

25. A method for removing a conductive metal selectively
relative to dielectric material on a substrate, comprising:

continuously moving an electrolyte solution absent an

abrasive component over the conductive metal for a time
elfective to remove the conductive metal from the sub-
strate selectively relative to the dielectric matenal by
galvanic chemical reaction between the conductive
metal and nanoparticles within the electrolyte solution
without application of an external potential;

the electrolyte solution comprising said nanoparticles 1n a

chemically-compatible alcohol solvent and at least one
of hydrofluoric acid (HF) in an HF to alcohol ratio of
about 3:1 to about 50:1, a salt or an 1onic liquid, the
nanoparticles comprising a material more noble than
said conductive metal.

26. The method of claim 25, wherein continuously moving,
the electrolyte solution over the conductive metal comprises
applying an oscillating force or vibrations to agitate the elec-
trolyte solution.

2’7. The method of claim 25, wherein continuously moving,
the electrolyte solution over the conductive metal comprises
rotating, vertically moving or horizontally moving the sub-
strate 1n the electrolyte solution.

28. A method for removing a conductive metal selectively
relative to dielectric material on a substrate, comprising:

continuously moving an electrolyte solution absent an

abrasive component over the conductive metal, while
applying a pressure onto the electrolyte solution, for a
time effective to remove the conductive metal from the
substrate selectively relative to the dielectric material by
galvanic chemical reaction between the conductive
metal and nanoparticles within the electrolyte solution
without application of an external potential;

the electrolyte solution comprising said nanoparticles 1n a

chemically-compatible alcohol solvent and at least one
of hydrofluoric acid (HF) in an HF to alcohol ratio of
about 5:1 to about 50:1, a salt or an 10nic liquid, the
nanoparticles comprising a material more noble than
said conductive metal.

29. The method of claim 28, wherein the pressure 1s pro-
vided by a processing pad situated proximal to the substrate
with the electrolyte solution therebetween.

30. The method of claim 28, wherein the pressure 1s up to
about 5 psi.
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31. The method of claim 28, wherein the pressure 1s pro-
vided by action of a solution dispensing device onto the
substrate.
32. A method for electrochemically removing a metal from
a substrate surtace with an electrolyte solution, comprising:
positioning the substrate comprising said metal to interface
with the electrolyte solution, said solution comprising
nanoparticles 1n a chemically-compatible alcohol sol-
vent and at least one of hydrofluoric acid (HF) 1n an HF
to alcohol ratio of about 5:1 to about 30:1, a salt or an
ionic liquid, the nanoparticles being more noble than
sald metal; and
flowing the electrolyte solution over the substrate surface
to remove the metal selectively relative to dielectric
material by galvanic chemical reaction between the con-
ductive metal and nanoparticles within the electrolyte
solution without application of an external potential and
absent an abrasive component.
33. A method for electrochemically removing a metal from
a substrate surtace with an electrolyte solution, comprising:
positioning the substrate surface comprising said metal to
interface with the electrolyte solution, said solution
comprising nanoparticles in a chemically compatible
ionic liquid absent an abrasive component, the nanopar-
ticles being more noble than said metal; and
flowing the electrolyte solution over the substrate surface
to remove the metal by galvanic chemical reaction
between the metal and the nanoparticles within the elec-
trolyte solution without application of an external poten-
tial.
34. A method of removing a conductive metal selectively
relative to dielectric maternial on a substrate, comprising:
positioning the substrate proximal to but not in contact with
a processing pad;

applying an electrolyte solution absent an abrasive compo-
nent over the conductive metal between the substrate
and the processing pad without application of an exter-
nal potential, the electrolyte solution comprising nano-
particles 1 a chemically compatible alcohol solvent and
at least one of hydrofluoric acid (HF) in an HF to alcohol
ratio of about 5:1 to about 50:1, a salt or an 10mic liquid,
the nanoparticles being more noble than said conductive
metal; and

causing movement of the electrolyte solution between the

substrate and the processing pad for a time effective to
selectively remove the conductive metal relative to the
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dielectric material by galvanic chemical reaction
between the metal and the nanoparticles within the elec-
trolyte solution.
35. A method of removing a conductive metal selectively
relative to dielectric material on a substrate, comprising:
spraying an electrolyte solution onto the substrate to
remove the conductive metal from the substrate selec-
tively relative to the dielectric material by galvanic
chemical reaction between the metal and nanoparticles
within the electrolyte solution without application of an
external potential and absent an abrasive component, the
clectrolyte solution comprising said nanoparticles 1n a
chemically compatible alcohol solvent and at least one
of hydrofluoric acid (HF) in an HF to alcohol ratio of
about 35:1 to about 50:1, a salt or an 1onic liquid, the
nanoparticles being more noble than the conductive
metal.
36. A method of removing a conductive metal selectively
relative to dielectric material on a substrate, comprising:
immersing the substrate mnto an electrolyte solution for a
time eflective to remove the conductive metal selec-
tively relative to the dielectric material by galvanic
chemical reaction between the metal and nanoparticles
within the electrolyte solution without application of an
external potential and absent an abrasive component;
the electrolyte solution comprising said nanoparticles 1n a
chemically-compatible alcohol solvent and at least one
of hydrofluoric acid (HF) in an HF to alcohol ratio of
about 3:1 to about 50:1, a salt or an 1onic liquid, the
nanoparticles being more noble than the conductive
metal.
37. A method for removing a conductive metal selectively
relative to dielectric material on a substrate, comprising:
contacting the substrate with an electrolyte solution absent
an abrasive component and without application of an
external potential or force for a time effective to remove
the conductive metal from the substrate selectively rela-
tive to the dielectric material by galvanic chemical reac-
tion between the metal and nanoparticles within the
clectrolyte solution, the electrolyte solution comprising,
said nanoparticles 1n a chemically-compatible alcohol
solvent and at least one of hydrofluoric acid (HF) 1n an
HF to alcohol ratio of about 5:1 to about 50:1, a saltor an
ionic liquid, the nanoparticles comprising a material
more noble than said conductive metal.
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